Meta-analysis of Rif1 distribution (Rif1 enrichment=log 2 (Rif1 enrichment/input)) with respect to randomized regions (LADs shuffled over the genome). As for the LADs (Fig.   2D ), an unsupervised clustering yields 4 distinct classes of random regions (with high or low Rif1 signal and the respective boundaries). However, compared to Fig. 2D , the cluster sizes are inverted, pointing to the preferential association of LADs with strong Rif1 signal. Notice that the RT-behavior of random regions is also markedly different from LADs. G Replication timing distribution (RT=log 2 (early/late)) is shown for Rif1 +/+ and Rif1 -/-ESCs, with respect to the randomized regions and in the same order as in F. Table S3 Illumina adaptors: . S2 . List of the primers used for the ChIP validation by qPCR.
Primers were designed on region with different Rif1 intensities and non-repetitive. The primers for the qPCR validation of the modified histones ChIPs are from (Lehnertz et al., 2003) . and are the same for each of the viewpoints specific primers. The tables summarize the sequences of the viewpoint specific part of the primers. In bold is the barcode employed for multiplexing during sequencing. HindIII=forward primers; DpnII=reverse primers. 
Supplemental Experimental Procedures

Mouse lines
Rif1 F and Rif1 FH mouse lines were described respectively in (Buonomo et al., 2009; Cornacchia et al., 2012) . The Rif1 F mice were crossed with the strain B6;129 gt(ROSA)26Sor tm1(cre/Esr1)Nat /J (Jackson laboratory) to introduce the inducible Cre.
Derivation of embryonic stem cell lines
Derivation of ESCs was carried out according to the protocol described by (Bryja et al., 2006) 
Cell manipulations
Derivation of pMEFs and synchronization experiments were carried out according to (Cornacchia et al., 2012) . Immortalization by Large T antigen, infection with retroviruses carrying empty vector or Cre and growth curves were all performed as described in (Buonomo et al., 2009) The experiment was performed once.
Replication timing
The analysis was performed as described in (Ryba et al., 2011) . Briefly, asynchronously cycling cells were pulse labeled with the nucleotide analog 5-bromo-2-deoxyuridine (BrdU). The cells were sorted into early and late S-phase fractions on the basis of DNA content using flow cytometry. BrdU-labeled DNA from each fraction was immunoprecipitated with an anti-BrdU antibody, amplified, differentially labeled and cohybridized to a whole-genome comparative genomic hybridization microarray. The data from each channel was normalized using Limma package (Smyth, 2004) . The log 2 (early/late) value was smoothed and plotted against the position along the chromosome to generate RT profiles. Comparison of replication-timing profiles derived from different cell types allows the identification of replication-timing domains defined as the unit of regulation of replication timing (400-800 kb) (Takebayashi et al., 2012) . In this comparison replication-timing domains will coincide with the unit of replicationtiming changes between cell types. This also highlights that when the changes in replication timing resulting from Rif1 deletion encompass more than a megabase, likely multiple adjacent smaller domains with similar replication timing are being affected.
Percentage of replication timing changes in Fig. 1B is calculated as the number of probes on the array that change by a factor more then 1 versus the total number of probes. The genome-wide distributions of replication timing in Fig. 1C and Fig. S7A 
Transcriptome analysis
Total RNA was isolated using the TRIzol reagent (Invitrogen #15596018) following the manufacturer's instructions and treated with DNase (Promega RQ1 RNase-Free DNase: M6101). RNA quality was assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies) using the RNA6000 Nanokit (#50671511 Nano), and RNA quantity was measured with ND-1000 NanoDrop spectrophotometer. 1μg of RNA sample was used for microarray analysis on Affymetrix Mouse Gene 1.0ST array (Affymetrix). Robust multiarray average (RMA) normalization was applied. Normalized data were then filtered based on the Affymetrix detection call so that only probes that had a Present call in at least one of the arrays were retained. The transcriptome analysis of LT-MEF was then performed as in (Cornacchia et al., 2012) . In brief, cells were infected four times every 12 hours with either a Cre encoding retrovirus or empty vector, then selected for four days with hygromycin 90 µg/mL and collected for analysis. Deregulated genes whose expression is changed as a consequence of Cre expression rather then Rif1 deletion have been excluded by parallel microarray analysis of RNA from three Rif1 +/+ lines infected with either Cre-encoding (Cre) or empty vectors (EV). CEL files were imported in GeneSpringGX 11.5 software and expression values were filtered by percentile (20-100).
t-test with an asymptotic P value and no correction was applied for statistical analysis.
ESCs transcriptome analysis was performed in R using Limma package (Smyth, 2004) .
In both cases, a fold change cutoff of 2 was applied to detect the significantly Table S2 ( Lehnertz et al., 2003) .
ChIP sequencing and analysis
ChIP-seq libraries were prepared with NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (NEB#E6240S/L), except that bead purification was employed (Agencourt AMPure XP beads, Beckman Coulter A63881). Size selection was performed on 2% agarose gels (E-Gel Invitrogen G6610-02). For Rif1 ChIPs, generally 13 PCR cycles for 10ng starting material were applied. We titrated the number of cycles in order to obtain the best quality libraries and set on 13 because is the number that gave the least amount of PCR artifacts (duplication rate). Libraries were barcoded with the NEBNext Multiplex
Oligos for Illumina (Index Primers Set 1, NEB#E7335S/L).
The paired-end reads of all ChIP-seq samples were mapped with bowtie2 ((Langmead and Salzberg, 2012) version 2.0.5) against the mouse genome mm8 with a maximum fragment length of 1000bp. MACS (https://pypi.python.org/pypi/MACS2) (with the -broad option) was used to define specifically enriched regions for Rif1. To correlate the Rif1 peaks with other genomic annotations, we determined the number of enriched regions overlapping with replication domains, cLADs and ciLADs (Meuleman et al., 2013) , exons and intergenic regions obtained from the UCSC table browser. The expected overlap and the variance for a given annotation were estimated from 50 random sets of shuffled regions with the same number of features and the same extent. A standard Z-score was calculated; Z=(expected-observed)/(standard deviations). Since the peak calling alone does not fully reflect regions of broad Rif1-enrichment, we also utilized the EDD tool (Lund et al., 2014) with default parameters to detect larger domains.
Independently of peak and domain calling, we calculated genome-wide profiles of Rif1 enrichment, log 2 (ChIP/Input), for windows of 50bp and normalized with respect to different sequencing depths. These profiles provide the basis for visualization and downstream analysis with deepTools (Ramirez et al., 2014) to determine the behavior of Rif1-enrichement around selected genomic features, such as the origins of replications.
Rif1
ChIP 
Models for Origin of Replications
The small nascent strands (SNSs) were obtained from the deori database ((Gao et al., 2012 ) version 2.1), which includes all 2405 SNSs on chromosome 11 from the study by Mechali et al. (56613063-117015900; mm8 ) (Cayrou et al., 2011) . Based on the domain prediction from replication timing data, the SNSs were classified into 1873 earlyreplicating SNSs (RT>0.5) and 532 late-replicating SNSs (RT<-0.5). 1000 random regions were chosen as control. To supplement the analysis of origins with a motif-based analysis, we obtained the annotation of two complementary models (G4s and OGREs) from the Mechali's group (personal communication, (Cayrou et al., 2012) ). We identified all the motif instances and examined their occurrence in flanking region of +/-4kb around TSSs and SNSs. DeepTools (Ramirez et al., 2014) were used to visualize and summarize Rif1 data and other features around TSSs and SNSs. We generally chose flanking regions of +/-5 kb, except for replication-timing data that are defined for much larger domain. We therefore chose in this case much larger flanking region of +/-500kb.
In most cases we use predefined groups of feature depending on the replication-timing status, but in Fig 5F and G we used unsupervised clustering (kmeans with k=2) to distinguish CpG-high and CpG-low regions.
LAD
The Lamin B1 associated domains (LADs) for mouse ESC were obtained from the supplementary material of (Peric-Hupkes et al., 2010) . For randomized analysis we also generated a shuffled version of these locations with an identical size distribution and excluding original instances of LADs. Using DeepTools ( (Ramirez et al., 2014) ) we generated genome-wide profiles and heatmaps as for other genomic features (SNSs, G4), but here we added a flanking region of +/-0.2 Mb. The unsupervised clustering of the heatmaps was done based on the Rif1-data and the replication time was shown in the same order.
Rif1 ChIP and RT change analysis
Replication timing and Rif1 ChIP data were averaged into 200kb windows and LAD score were calculated for the windows by using the predict function in R. Windows that have RT above 0.5 were defined as Early (E) and below -0.5 were defined as Late (L).
Rif1 ChIP enrichment was plotted against replication timing differences (ΔRT=Rif1 -/-- 
4C-Seq
Chromosome conformation capture was performed as described in (Splinter et al., 2012; Stadhouders et al., 2013) with the following changes. 1 or 2 x10 7 cells (ESC and pMEF respectively) were collected for each experiment and cross-linked in 2% formaldehyde.
Cell were lysed for 20 min. at 4°C, followed by addition of 0.3% SDS. (Splinter et al., 2012) . DpnII restriction enzyme was chosen as four-cutter. Synchronized MEFs DNA was digested for two over nights by DpnII. PCR reaction was performed as described in (Splinter et al., 2012) , except that Takara Ex Taq DNA Polymerase Hot-start version (Takara RR006B) and 600ng of total template in three reactions of 50 μl each were used. The primers employed to build the library are indicated in the Table S3 . Six samples per lane were pooled according to molarity and loaded on a HiSeq 2000 in 100bp single-end mode. Analysis of the 4C-Seq has been performed as described in (Thongjuea et al., 2013) . In brief, sequence reads were mapped to the genome. Unaligned reads were tested for the restriction enzyme cutting site and if applicable trimmed and mapped again. Uniquely mapped reads were used for downstream analysis. The number of reads per restriction fragments was counted by applying the method "WholeReads" (Thongjuea et al., 2013) . Regions with less then 50 reads were removed from the analysis first. The number of remaining reads was then normalized "PowerLaw fitting curve" (Thongjuea et al., 2013) . The normalized number of reads is indicated as RPMs and it is a measure of how many times each interaction is detected in the library (frequency). Each restriction fragment with at least one RPM and shared by both biological replicates was define as an interaction ("intersection method" (Thongjuea et al., 2013) ). After the intersection, we have additionally eliminated from our following analysis any interaction represented by less then 10 RPMs. This cutoff was established based on the distribution of the RPMs in each individual replica and for each of the viewpoints. In Fig. S5H (ESCs) and Fig. S7F (pMEFs 
4C-Seq and RT changes analysis
The list of topological associating domains (TADs) for mouse ESC was obtained from (Dixon et al., 2012) . The interactions in cis, outside of the replication domain and with at least 10 RPMs were intersected with TADs. On this basis, interactions present in TADs that are common between Rif1 +/+ and Rif1 -/were classified as shared, irrespective of the specific fragend mapped. Each TAD contains indeed multiple fragends. TADs containing exclusively Rif1 -/--specific interactions were classified as Rif1-null specific. RT score was then assigned to the interactions grouped as above as described in (Ryba et al., 2011) .
3C-qPCR
The 3C library was prepared as for the 4C, but without DpnI digest and following ligation.
The quality controls and the qPCR assays were performed according to (Hagege et al., 2007) . Primers were designed over four different interactions mapped in two independent viewpoints in ESCs. The list of the primers and Taqman probes employed is in the Table   S4 . The BACs used to build control libraries are also listed in Table S4 .
FourCSeq analysis
The 4C-Seq data were also analyzed according to the FourCSeq Bioconductor software package (see http://bioinformatics.oxfordjournals.org/content/31/19/3085). The FourCSeq software uses calibrated and variance-stabilized read count data as input for the statistical test to identify fragments on the in cis chromosome which differ between the conditions. Sequence reads were mapped to the genome. Unaligned reads were tested for the restriction enzyme cutting site and if applicable trimmed and mapped again.
Uniquely mapped reads were used for downstream analysis. In the filtering step fragments with an average read count of at less than 5 RPMs across all samples and fragments within 10000 nucleotides of the viewpoint were removed. To fit the decay trend the asymmetric monotone fit option was chosen. To determine statistically different fragments between the two conditions a threshold of 0.001 for the P-value and of 0.1 for the FDR were applied.
Immunofluorescence and image analysis
Rif1 FH/FH ESCs were grown on gelatinized coverslips over-night. Cells were fixed in 4% paraformaldehyde in PBS for 10 min. at room temperature and stored at 4°C in PBS and Sodium Azide. For staining, coverslips were permeabilized in 0.5% Triton X-100 at room temperature for 10 min., and then processed as described in (Buonomo et al., 2009) , except that the primary antibodies were incubated 90 min. Images were acquired using a Leica confocal TCS SP5 microscope with a X63 1.4 NA oil objective and run by LAS AF Software (Leica). Contrast adjustment and cropping were performed in Image J.
Figures were composed in Illustrator (Adobe). The image analysis of Rif1 enrichment at the nuclear periphery was performed using the free open-source software CellProfiler (Carpenter et al., 2006) . In brief, we segmented the whole-nuclear area by a manual threshold of the DAPI image and the nuclear-periphery region by a manual threshold of a top-hat filtered lamin B1 image. We then defined the nuclear-interior by removing the nuclear-periphery mask from the whole-nucleus mask. We measured the mean Rif1 and DNA intensities in the nuclear periphery and the nuclear interior and computed the ratio.
In order to control for the quality of the input data, we only took into account images were at least 95% of all the pixels in the nuclei region showed no saturation.
Protein extracts and Immunoprecipitation
For Fig. 1A , S1C and G proteins were extracted and analyzed as described in (Buonomo et al., 2009 ).
For Fig. S2D nuclei from Rif1 FH/FH and Rif1 +/+ ESCs were resuspended in cold Benzonase buffer (50mM Tris-HCl pH 8.0, 100mM NaCl, 1.5mM MgCl2, 10% glycerol, freshly added protease and phosphatase inhibitors), subjected to snap freezing, followed by
Benzonase digestion (50U/ml, Sigma, E1014). The nuclear solubilized fraction was collected by centrifugation and supernatants were used for immunoprecipitation as follows. 10ml Rif1 FH/FH and Rif1 +/+ extracts were incubated with 8μl/ml anti-HA and anti
Flag antibodies overnight at 4°C. 1% Input was collected prior antibody addition.
Extracts were incubated with 100μl/ml Protein G Dynabeads (Invitrogen 100-03D) for 2 hours, subsequently 1% flowthrough (FT) was collected. Beads were washed three times in IP-Buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 1.5mM MgCl2, 10% glycerol, 0.1% Triton X-100 freshly added protease and phosphatase inhibitors) and finally immunoprecipitated proteins (IP) were eluted by boiling beads 10 min. in 2x Laemmli buffer. Input, IP and FT were run on 5% SDS-PAGE.
Antibodies
The anti-mouse Rif1 antibody #1240 has been described in (Buonomo et al., 2009 ); anti-
